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ABSTRACT General anesthetics are known to cause depression of the freezing point of transitions in biomembranes. This
is a consequence of ideal mixing of the anesthetic drugs in the membrane fluid phase and exclusion from the solid phase.
Such a generic law provides physical justification of the famous Meyer-Overton rule. We show here that general anesthetics,
barbiturates and local anesthetics all display the same effect on melting transitions. Their effect is reversed by hydrostatic
pressure. Thus, the thermodynamic behaviour of local anesthetics is very similar to that of general anesthetics. We present a
detailed thermodynamic analysis of heat capacity profiles of membranes in the presence of anesthetics. This analysis is able to
describe experimentally observed calorimetric profiles and permits prediction of the anesthetic features of arbitrary molecules.
In addition, we discuss the thermodynamic origin of the cutoff-effect of long-chain alcohols and the additivity of the effect of
general and local anesthetics.
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Introduction
General anesthetics (including barbiturates) and local anes-
thetics were introduced to clinical praxis during the mid 19th
century. The first general anesthetic used in surgery was di-
ethyl ether, but many others have been found. These include
nitrous oxide (laughing gas), propofol, halothane, sevoflurane
(1) but also the chemically inert noble gas xenon and barbitu-
rates (2) — molecules that are very different structurally. The
first local anesthetic was cocaine, whose analgesic effect was
described in the late 1850s. Most known local anesthetics were
later developed in an attempt to avoid the addictive effect of
cocaine (3). Thus, the distinction between the different classes
of anesthetics is partially of historical origin. Today, it is gener-
ally believed that general and local anesthetics act by different
mechanisms. Local anesthesia has frequently been attributed
to the specific interaction of local anesthetics with (sodium)
channel proteins (4, 5). Simultaneously, there is wide agree-
ment that the action of general anesthetics is not well under-
stood. However, there exists a striking inverse linear correla-
tion between the solubility of general anesthetics in the lipid
membrane and the critical anesthetic dose known as the Meyer-
Overton correlation (1, 6, 7). It applies to drugs of quite dif-
ferent chemical structure such as nitrous oxide (laughing gas),
xenon (a noble gas) and sevoflurane (a fluorinated organic sol-
vent). Another way of stating the Meyer-Overton correlation
is [ED50] ·P=const., where [ED50] is the effective anesthetics
concentration in the alveolar volume or in the blood where 50%
of individuals are anesthetized, and P is the partition coefficient
between oil and water (or air). At critical dose the membrane
concentration of all general anesthetics is exactly the same (8).
The Meyer-Overton correlation leads to the notion that general
anesthesia is closely related to the solubility of the drug in the
lipid membrane. Indeed, in his book from 1901 (6) Overton
proposed that the correlation between membrane partitioning
and critical dose suggests the existence of a generic physical
mechanism for anesthesia. However, Overton did not provide
any such mechanism, and his correlation remained a true but
unexplained observation.
In the absence of such an explanation, some researchers
favor a view involving binding to molecular targets. In par-
ticular Franks and collaborators made this case popular using
firefly luciferase as a target protein(9–11). They showed that
the equilibrium between two structural forms of the fluoresc-
ing luciferase is controlled by most (but not all) general anes-
thetics. Similar mechanisms have been thought to apply for
membrane proteins. This view is probably incompatible with
a unique mechanism for anesthesia. As argued above, at criti-
cal dose the membrane concentration of all general anesthet-
ics is identical — including the noble gas xenon. Thus, if
both the Meyer-Overton correlation and binding to a molecu-
lar target are true, the equilibrium association constant between
membrane-dissolved drug and membrane protein must be ex-
actly the same value for all drugs including xenon, which is an
inert noble gas.
Cantor (12, 13) proposed to combine an unspecific lipid
solubility with a protein mechanism by investigating the lat-
eral pressure profile of membranes in the presence of anesthet-
ics. Anesthetics behave like ideal gases that exert forces on
interfaces, and this pressure putatively alters protein structure
and function. Since lateral pressure profiles would be affected
in a very similar manner by different general anesthetics, it is
suggested that anesthetics would alter a protein structure in a
generic manner. Unfortunately, Cantor’s view remains a spec-
ulation as long as the precise structures and functions of indi-
vidual protein conformations are unknown. However, Cantor
and collaborators provide some experimental evidence for cur-
rents induced in GABAA receptors by isoflurane and sevoflu-
rane (14).
It seems most likely that the influence of anesthetics on the
thermodynamics of membranes contains the key for explain-
ing the above correlation. We and other authors observed that
general anesthetics induce a lowering of the solid-liquid tran-
sition temperature in lipid membranes (e.g., (8, 15–17)). The
melting point of membranes has exactly the same correlation
with the critical anesthetic dose as the partition coefficient. We
showed that this effect can be well explained by the so-called
freezing point depression law that originates from van ’t Hoff.
When applied to membranes, this law involves a slight modifi-
cation of the Meyer-Overton relation. Thus, we proposed that
the anesthetics are ideally soluble only in the liquid phase of the
membrane but are insoluble in the solid phase. The shift of the
transition is now due to the difference in the entropy of mixing
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in the two phases. This explanation of anesthesia has the virtue
of explaining several properties of general anesthetics:
• Excess hydrostatic pressure increases melting tempera-
tures (15, 18, 19) and opposes the effect of anesthetics on
transitions. This can explain the effect of the pressure-
reversal of anesthesia quantitatively (8, 20, 21). Anes-
thetic inhibition of the protein firefly luciferase, in con-
trast, does not display pressure reversal (9).
• The freezing-point depression law is based on the notion
of ideal solutions in which individual molecules do not
interact. The shift is thus linear in the concentration of
anesthetics in the membrane. Therefore, freezing-point
depression is consistent with the observed additivity of
the anesthetic action (6, 22, 23).
• Many membrane-soluble molecules do not dissolve ide-
ally in liquid membranes, or they dissolve in the solid
phase as well. Such molecules would not act as general
anesthetics. For instance, cholesterol does not lower (but
rather increases) melting temperatures (24) and therefore
does not display anesthetic activity.
• Molecules that display phase behavior of their own should
not behave as ideal anesthetics. This includes most lipids
or the long-chain alcohols (starting from chain lengths of
twelve, i.e., dodecanol) that display melting points above
room temperature and do not act as anesthetics (25). This
effect is known as the cutoff-effect (see discussion).
Freezing point depression by anesthetics is also consistent with
a recent theory for nerve pulse propagation that is based on
phase transitions in biological membranes (26–28). Close to
transitions in membranes, solitary electromechanical waves are
possible. Such melting transitions in fact have been found for
a number of biomembranes (29). Anesthetics render the ex-
citation of the pulse more difficult while hydrostatic pressure
facilitates it (8, 30).
No law similar to the Meyer-Overton correlation exists for
local anesthetics. At high concentrations these anesthetics are
toxic (31). Local anesthetics are typically not administered
intravenously, and a critical dose cannot be determined. This
has generally lead to the notion that local anesthetics work by
a different mechanism, e.g., by blocking sodium channels (4,
5). However, this is not necessarily inconsistent with local
anesthetics having general anesthetic properties. The Meyer-
Overton correlation implies that the effect of general anesthet-
ics is additive. Two different anesthetics each with half-critical
concentration yield full anesthesia. Interestingly, it has been
reported by various authors that the effects of local and general
anesthetics are additive (e.g., (32, 33), see discussion section).
This finding is striking since it is difficult to reconcile with the
assumption that local and general anesthesia work by different
mechanisms. One rather would conclude that local anesthetics
display general anesthetic properties. In this context it inter-
esting to note that local anesthetics are also membrane active
and lower melting transitions (34–40). It is therefore plausible
to hypothesize that local anesthetics have properties of general
anesthetics.
In this publication we investigate the melting behavior of
membranes in the presence of both general and local anesthet-
ics. We provide a thermodynamic formalism to understand the
heat capacity profiles of lipid membranes containing both gen-
eral and local anesthetics. We show that the same theoretical
treatment applies to both classes of anesthetics and that their
effects on transition temperatures is equally reversed by hydro-
static pressure.
Materials and Methods
Lipids were purchased from Avanti Polar Lipids (Birmingham,
AL) and used without further purification. Octanol was purchased
from Fluka (Buchs, Switzerland). All other anesthetics were pur-
chased from Sigma-Aldrich (St. Louis, MO). Multilamellar lipid dis-
persions (10mM, buffer: 10mM Hepes, 1mM EDTA, pH 7.0, octanol
concentration adjusted) were prepared by vortexing the lipid disper-
sions above the phase transition temperature of the lipid.
To generate multilamellar vesicles, dry lipids were dissolved in
the buffer and vortexed above the main phase transition temperature
until no visible clumps remained. For the generation of unilamellar
vesicles (LUV), multilamellar vesicles were extruded at least 30 times
above the phase transition temperature of the respective lipid using
an extruder (Avestin Europe, Mannheim, Germany) and filters with a
pore size of 100nm. The resulting large unilamellar vesicles (LUV)
are stable in the refrigerator for at least two weeks.
Anesthetics were added to DPPC in two distinct ways. One was
simply to dissolve the anesthetic in the buffer and then follow the
recipe given above. This method has the advantage that the small
concentrations needed could be obtained easily by dissolving in large
amounts of buffer and then further diluting with the addition of pure
buffer. The disadvantage of this method is that many of the anesthetics
are so hydrophobic that even small amounts are impossible to dissolve.
Under these conditions, we dissolved anesthetics in a 2:1 methanol-
dichloromethane mixture and added the solution to the dry lipids in
appropriate quantities. The solution was dried under an air stream
and subsequently dried further over night in a high vacuum desicca-
tor to remove any remaining solvent. The dry lipid films containing
anesthetics were than hydrated with buffer and extruded as described
above. This method only work for non-volatile anesthetics.
Heat capacity profiles were obtained using a VP-scanning calorime-
ter (MicroCal, Northampton, MA) at scan rates of 5 deg/hr. The curves
presented in this work are down-scans from high to low temperature.
Since anesthetics are soluble in the fluid phase it seems plausible to
assume that the samples equilibrate faster during down-scans. Due
to the extrusion process, the total amount of lipid in the dispersion
obtained after extrusion may vary slightly. All experimental profiles
were renormalized to a constant transition enthalpy of 35 kJ/mol. The
shapes of the heat capacity profiles of extruded vesicles also can also
vary slightly in time. This may explain some of the minor variations
in shape observed with different concentrations of anesthetics. A typi-
cal experiment lasted several days. Repeating an experiment with new
samples under similar conditions yielded similar but not necessarily
exactly identical profiles.
Theory
In the following we will present the thermodynamic analy-
sis of a chemically inert drug ideally soluble in the fluid lipid
membrane but insoluble in the gel membrane. This scenario
was shown to describe the thermodynamic behavior of general
anesthetics in biomembranes (8). In the following we will dis-
cuss three cases:
1. The absence of an aqueous reservoir, or equivalently, drug
insolubility in the buffer (i.e., an infinite partition coeffi-
cient in the fluid membrane). All anesthetic drugs reside
in the membrane. The melting of the membrane alters the
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concentration of the anesthetics in the fluid membrane
because the fraction of fluid phase changes.
2. Infinite aqueous reservoir with constant anesthetics con-
centration. In this case, the concentration of anesthetics
in the fluid membrane is constant.The ratio of the two
concentrations is given by the partition coefficient.
3. Finite aqueous reservoir. During melting, both the con-
centrations of anesthetics in the buffer and in the fluid
membrane change.
These case are schematically depicted in Fig. 1. The goal is
to provide a general method for the interpretation of heat ca-
pacity profiles of membranes in an aqueous buffer containing
anesthetic drugs.
Figure 1: Three different scenarios of a membrane in pres-
ence of anesthetics. Case 1: The aqueous volume is very
small or the partition coefficient of the anesthetic in the fluid
membrane is very high. All anesthetic molecules reside in
the fluid lipid phase independent of its volume. If the frac-
tion of fluid phase changes as a function of temperature, the
concentration of anesthetics in the fluid membrane is also
changed. Case 2: The aqueous volume is infinitely large.
The concentration of anesthetics in both the aqueous phase
and in the fluid membrane is constant and independent of
temperature. Case 3: The aqueous volume is finite. When
the amount of fluid phase changes, the concentration of anes-
thetics changes in both the aqueous and the fluid membrane
. This is the general case.
1. Highly membrane-soluble anesthetics
Consider the mixture of a lipid membrane with melting temper-
ature Tm, and an anesthetic molecule, A, that dissolves ideally
in the fluid phase but not in the gel phase of the lipid. We do not
consider an aqueous phase, i.e., we assume that practically all
drugs dissolve in the membrane and cannot dissociate from the
membrane. This case was considered by us previously (8). The
phase diagram of such a mixture is given by ideal solution the-
ory. The chemical potentials of the fluid and the gel membrane
are given
µfL = µ
f
L,0 +RT lnx
f
L
µgL = µ
g
L,0 , (1)
where xfL is the molar fraction of lipid and x
f
A = 1 − xfL is
the molar fraction of anesthetics in the fluid phase. If the total
membrane is in the fluid state, the total fraction of anesthetics,
xA, is identical to x
f
A. In equilibrium, µ
f
L = µ
g
L, and therefore
lnxfL = −
µfL,0 − µgL,0
RT
. (2)
The difference of the standard chemical potentials, ∆µL,0 =
µfL−µgL,0, is given by ∆HL,0− T∆SL,0, where ∆HL,0 is the
molar enthalpy of melting and ∆SL,0 is the molar entropy of
melting. We arrive at
lnxfL = −
∆HL,0 − T∆SL,0
RT
. (3)
The melting temperature in the absence of anesthetics is given
by Tm,L = ∆HL,0/∆SL,0. Thus,
lnxfL,0 = −
∆HL,0
R
(
1
T
− 1
Tm,L
)
≡ ln(1− xfA) . (4)
By approximating ln(1 − xfA) ≈ −xfA and T · Tm,L ≈ T 2m,L,
we arrive at
∆T = T − Tm,L = −
RT 2m,L
∆HL,0
xfA . (5)
This is the well known freezing-point depression law originat-
ing from J. H. van ’t Hoff (41).
The laws given in eqs. (4) and (5) are represented graphi-
cally in Fig. 2. We chose the parameters for DPPC membranes,
i.e., ∆HL,0 = 35 kJ/mol and Tm,L = 314.2 K. The tempera-
ture T in eq. (4) as a function of the concentration of anesthetics
in the fluid phase, xfA, is shown as the solid curve in Fig. 2. It is
the phase boundary of the gel-fluid coexistence regime, where
the concentration of anesthetics in the gel phase is xgA = 0 by
definition. Here, xA is the fraction of anesthetics in the total
membrane. The dashed line in Fig. 2 represents the freezing
point depression law of eq. 5). This approximation is reason-
able for molar fractions of anesthetics as high as approximately
xA = 0.2. It fails at higher concentrations where shifts of Tm
are considerably larger than predicted by the linear approxima-
tion. The effective anesthetic dose in the membrane for tad-
poles corresponds to xfA ≈ 0.026 (8). Thus, the freezing point
depression law is a good approximation for medically relevant
concentrations. The grey shaded region in Fig. 2 corresponds to
the regime where phase separation between gel and fluid phase
takes place.
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Figure 2: The phase diagram for case 1 in Fig. 1 for DPPC
vesicles in the presence of a general anesthetic. The solid line
indicates the concentration of anesthetics in the fluid phase
as a function of temperature (fluids line). The concentration
in the gel phase is zero by definition. The solid line also indi-
cates the onset of the lipid melting transition upon cooling at
a given anesthetic concentration. The dotted line indicates
the freezing point depression approximation given by eq. (5).
It is valid up to about 20 mol% of anesthetics and deviates
strongly at higher concentrations. For xA = 0.2 (total mem-
brane fraction of anesthetics) and T=300 K, the fluid and
solid fractions are xfA = 0.47 and x
g
A = 0.
The fraction of fluid membrane, xf , and of gel membrane,
xg , is given by the lever rule (42):
xf =
xA − xgA
xfA − xgA
; xg =
xfA − xA
xfA − xgA
. (6)
with xf + xg = 1. Since x
g
A = 0 by definition, we obtain
xf =
xA
xfA
; xg =
xfA − xA
xfA
. (7)
The application of the lever rule is demonstrated in Fig. 2 for
the example of xA = 0.2 and T = 300 K (filled circle) yield-
ing a fluid fraction of xfA = 0.47. Using eq. (7), we find that
xf = 0.426 and xg = 0.574. Fig. 2 also indicates that the con-
centration of anesthetics in the fluid membrane is a function of
temperature. The lower the temperature, the smaller the fluid
fraction and therefore the higher the concentration of anesthet-
ics xfA in the fluid phase.
This allows us to calculate the melting profile. The enthalpy
per mole of lipid is given by
∆HL(T ) = xf · xfL ·∆HL,0 ·
1
xL
(8)
xL = 1− xA is the fraction of lipid in the total membrane and
is used for normalization to 1 mol of lipid. The heat capac-
ity is given by the derivative, ∆cLp = (d∆H/dT )p. Enthalpy
and heat capacity are given for various values of the anesthet-
ics concentration in Fig. 3 (left and center). The heat capacity
profiles are asymmetrically broadened towards lower tempera-
tures. This is a consequence of the increase of anesthetic con-
centration in the remaining fluid regions of the membrane upon
cooling.
Convolution with the natural width of the transition profile
In the above formalism the heat capacity of a membrane in the
absence of anesthetics is represented by a δ-function. This is
a consequence of the assumption of macroscopic phase sepa-
ration in ideal solution theory. However, experimental profiles
typically display a finite transition width. The result for DPPC-
LUV it is shown in Fig. 3 (right, insert). If phases do not sepa-
rate macroscopically but rather into domains with a cooperative
unit size of n, the temperature-dependent enthalpy of the pure
membrane is given as (29)
∆HpeakL (T ) =
K
1 +K
·∆HL,0 ; (9)
K = K(T, Tm) = exp
[
−n∆HL,0
R
(
1
T
− 1
Tm
)]
The temperature derivative is the heat capacity cpeakp :
∆cpeakp (T ) =
K(T, Tm)
[1 +K(T, Tm)]2
n∆H2L,0
RT 2
, (10)
which has an integrated enthalpy of ∆HL,0. For unilamellar
DPPC vesicles is shown in Fig. 3 (right, insert). A δ-function
peak in ideal solution theory at Tm = 41.1◦C leads to the
above peak shape in a calorimetric experiment. The integrated
enthalpy of both is ∆HL,0. A cooperative unit size of n = 170
was found to yield a satisfactory transition width for the down
scans of DPPC LUV. This value was used for all convolutions
shown in this paper.
In order to be able to compare the theoretical with exper-
imental heat capacity profiles, we convoluted the theoretical
profiles ∆cLp (τ) with the transition profile of DPPC LUV ∆c
peak
p
given by eq. (10):
∆cbroadp (T ) =
∫ +∞
τ=0
∆cLp (τ)
K(T, τ)
(1 +K(T, τ))2
n∆HL,0
RT 2
dτ ;
K(T, τ) = exp
(
−n∆HL,0
R
(
1
T
− 1
τ
))
. (11)
In Fig. 3 (right) we show the theoretical profiles in the cen-
ter panel convoluted with the function given in eq. (10) using
the above procedure. We also applied this formalism in Figs. 4,
6, 7 and 8 (see below).
2. Infinite reservoir size
In the previous section we assumed that all anesthetics stay in
the membrane, i.e., the total number of anesthetic molecules in
the membrane is constant. This is the case either if the partition
coefficient of the drug is very high or if the amount of aqueous
medium is very small.
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Figure 3: Left: The enthalpy of DPPC calculated using eq. (8) for six different mol fractions xA of a general anesthetic.
Center: The derivative of the enthalpies in the right panel yields the corresponding heat capacity profiles. Right: Broad-
ened cp profiles. The insert shows the experimental heat capacity profile of DMPC LUV (downscan), and a van ’t Hoff
profile using a cooperative unit size of n = 170 generated using eq. (9). The latter curve was used to convolute the
cp-profiles shown in the center panel.
Let us consider an infinite reservoir and a finite partition
coefficient. Now, anesthetic molecules can be exchanged be-
tween the aqueous medium and the fluid membrane such that
the concentration of anesthetics in the fluid membrane is fixed.
This is true because an infinite reservoir displays a constant
concentration of anesthetics, and the concentration in the fluid
membrane is determined by the partition coefficient alone. The
total amount of anesthetics in the membrane is proportional to
the fraction of fluid phase. In ideal solution theory, the melting
peak is a sharp δ-function. In the presence of anesthetics the
melting profile will not be asymmetrically broadened but will
still shift by the value given in eq. (5). This situation is shown
in Fig. 4.
Figure 4: Calorimetric profiles in an infinite reservoir for
four different aqueous concentrations of anesthetic, [A], as-
suming a partition coefficient P = 100. Left: In ideal so-
lution theory, the calorimetric peak is a δ-function which is
shifted in the presence of anesthetics. Right: When convo-
luted with the profile of DPPC LUV (see eq. (11)) one sees
that the peak shape is practically unaffected by the presence
of anesthetics.
3. Finite size reservoir
The most general case is that of a finite aqueous reservoir and a
finite partition coefficient. This is the situation in most calori-
metric experiments. When the membrane melts, the volume
of the fluid phase changes, and it can absorb more anesthetic
molecules. Since the reservoir is finite, the anesthetic concen-
tration there decreases. Neither the concentration of the anes-
thetic drug in the fluid membrane nor in the total membrane
stay constant. The considerations of section 1 remain valid,
i.e., the ratio of the sizes of fluid and gel phases of the mem-
brane for a given concentration of anesthetics in the fluid phase
is given by the lever rule of eq. 7. However, the total amount of
anesthetics in the membrane and the concentration in the bulk
aqueous medium can vary with changes in the amount of fluid
phase.
Let us assume a total concentration of anesthetics [Atot] and
a total volume of the sample of Vtot. The total molar quantity
of anesthetic, mAT = [Atot] · Vtot, is given by
mAT = P · [A] · V fL︸ ︷︷ ︸
molar amount in membrane
+ [A] · VB︸ ︷︷ ︸
molar amount in buffer
(12)
where [A] is the free anesthetic concentration, P is the partition
coefficient, and VB is the volume of aqueous buffer, VL the
volume of the lipid membrane with Vtot = VB + VL. The
volume of fluid membrane, V fL , is given by
V fL = VL · xf (13)
where xf is the fluid membrane fraction. The total amount of
anesthetics,mAT , is fixed during an experiment and independent
of temperature. We further assume that VB , VL, and P are
known and fixed. The variables are [A] and xf . For a given
[A], the fluid membrane fraction xf can be determined using
eqs. (12) and (13):
xf =
mAT − [A] · VB
P · [A] · VL (14)
The molar fraction of anesthetics in the fluid membrane is given
by
xfA = P · [A] · v0L (15)
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Figure 5: Calculation of xA and x
f
A for case 3. In this ex-
ample we used 10 mM DPPC, P = 100, [Atot] = 4 mM
general anesthetic (mAT = 4µmole in 1 ml volume). When
the membrane is entirely fluid, i.e., at high temperature, this
corresponds to xA = x
f
A = 0.17 (vertical solid line). Upon
cooling, one hits the phase boundary at T = 309.9 K. Be-
low this temperature, xfA increases along the phase bound-
ary while the total anesthetic fraction in the membrane, xA,
decreases due to the decrease of the fluid membrane fraction,
xf . At T=306.2 K, xA = 0 and xf = 0.
where v0L is the molar volume of the fluid lipid membrane (ap-
proximately 0.734 l/mol for DPPC assuming a density of 1 g/cm3).
For a given [A], one can calculate the concentration of anesthet-
ics in the fluid membrane (using eq. (14)), and the fluid frac-
tion xf (using eq. (13)). When x
f
A is known, one can calculate
the corresponding temperature, T , of the phase boundary using
eq. (4):
T =
[
1
Tm,L
− R
∆HL,0
ln(1− xfA)
]−1
=
[
1
Tm,L
− R
∆HL,0
ln(1− P · [A] · v0L·)
]−1
(16)
According to eq. (7), the total anesthetic fraction xA in the
membrane can be derived from the lever rule:
xA = xf · xfA, (17)
which is a function of [A]. If we regard the total anesthetic
concentration [Atot], the total lipid concentration (or total lipid
volume VL) and the partition coefficient P of the anesthetic in
the fluid membrane as fixed input parameters, we can deter-
mine phase boundary temperature, the fluid membrane fraction
xf , the fluid membrane fraction of the anesthetic x
f
A and the
anesthetic concentration xA for any given value of [A]. The
problem is completely determined. In Fig. 5 we demonstrate
the change of both xA and x
f
A as a function of temperature for
the case of P = 100, 10 mM lipids and a total anesthetics con-
centration of 4 mM. Upon decreasing temperature, xA = x
f
A
stays constant until the upper phase boundary is reached. Upon
further cooling, xfA increases while the total fraction of anes-
thetics in the decreases until it becomes zero. This constitutes
a lower end of the melting profile.
The melting profile of the membrane can now be deter-
mined in analogy to eq. (8):
∆HL(T ) = xf · (1− xfA) ·∆HL,0 ·
1
(1− xA) (18)
where xA is the fraction of anesthetic in the total membrane,
which is a function of temperature. The final term here is
needed for normalization to 1 mol of lipid. The heat capacity
is the temperature derivative of this function. Fig. 6 shows the
heat capacity profiles for three different partition coefficients P
(= 20, 50 and 200) using various total anesthetics concentra-
tions, Atot. The top panels show the results using the above
formalism. One can clearly see the upper and lower limits of
the heat capacity anomaly. The lower limit of the melting pro-
file did not exist in case 1 (Fig. 3). The bottom panels of Fig. 6
display the corresponding convolutions with the profile of unil-
amellar vesicles.
Experimental Results
In the following we compare calorimetric profiles of DPPC
LUV obtained in the absence and presence of the general anes-
thetic octanol, the barbiturate pentobarbital, and the two local
anesthetics lidocaine and bupivacaine with theoretical calcu-
lations as described above. We use experimental DSC down-
scans obtained with a scan rate of 5 deg/hr.
In the calorimetric experiment, the total aqueous volume,
the lipid concentration, and the the total anesthetic concentra-
tion are fixed. We assumed a lipid membrane density of 1 g/cm3
in order to calculate the total lipid volume. The molar volume
of DPPC is then v0L = 0.734 l/mol (MW=734 g/mol). The lipid
volume of 1 ml of a 10 mM dispersion is VL = 7.34µl and
the volume of the aqueous buffer is VB = 992.66µl. For a
1 mM solution, the total molar quantity of anesthetics is mAT =
1µmol. The only unknown parameter in eqs. 12–18 is the par-
tition coefficient, P .
Fig. 7 (left, bottom) shows experimental heat capacity pro-
files for 10mM DPPC LUV dispersions in the presence of the
general anesthetic octanol. The total octanol concentrations
[Atot] (in buffer and membrane combined) were 0 mM, 0.25 mM,
0.5 mM, 1 mM and 2 mM (corresponding to molar octanol/lipid
ratios of 0, 0.025, 0.05, 0.1 and 0.2). Fig. 7 (left, top) shows the
corresponding simulations using a partition coefficient of P =
150. This value is similar to the literature value of P = 150
in erythrocytes (43, 44). One sees that the decay of the simu-
lated profiles is somewhat less pronounced than that of the ex-
perimental profiles, which may be due in part to the difference
between experiment and the theoretical cp profile of the pure
DPPC LUV in the absence of anesthetics used for the convo-
lution of the theoretical results. Qualitatively similar results
have been reported for halothane in DPPC vesicles (18). Fig. 7
(right, bottom) shows the experimental heat capacity profiles
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Figure 6: Calculation of heat capacity profiles for case 3 using eq. (18) for three different partition coefficients and various
anesthetics concentrations. The DPPC lipid concentration was assumed to be 10 mM. The top row contains the theoretical
calculations and the bottom row the broadened profiles for DPPC LUV following the convolution procedure in eq. (11).
Left: P=20. Center: P=50. Right: P=200. The shape of the cp profile depends sensitively on the partition coefficient.
for 10mM DPPC LUV in the presence of the barbiturate pento-
barbital. [Atot] concentrations were 0 mM, 1 mM, 2 mM, 4 mM
and 8 mM (corresponding to molar pentobarbital/lipid ratios of
0, 0.1, 0.2, 0.4 and 0.8). Fig. 7 (right, top) show simulations
using a partition coefficient of P = 27.
Fig. 8 shows experimental heat capacity profiles for 10mM
DPPC LUV dispersions in the presence of the two local anes-
thetics lidocaine (left) and bupivacaine (right). For lidocaine
Figure 7: Heat capacity for DPPC LUV in the presence of
two general anesthetics (octanol and pentobarbital). Exper-
imental heat capacity profiles for 10mM DPPC LUV in the
presence of five concentrations of octanol (bottom left) and
four concentrations of the barbiturate pentobarbital (bottom
right). The upper panels indicate the theoretical results at the
same concentrations and the partition coefficient best suited
to describe the experimental results. The extracted partition
coefficients in the DPPC membrane are P=150 for octanol
and P=27 for pentobarbital.
(Fig. 8, left, bottom) we used [Atot] concentrations of 0 mM, 5
mM, 8 mM, and 10 mM (corresponding to molar lidocaine/lipid
ratios of 0, 0.5, 0.8, and 1.0). A partition coefficient of 17
yielded the best description of the data. Fig. 8 (left, top). Our
calorimetric results for lidocaine agree well with the calculated
values and resemble those reported by (36) for 3mM DPPC
LUV. For bupivacaine, Fig. 8 (right, bottom), we used [Atot]
concentrations of 0 mM, 1 mM, 2 mM, and 4 mM (correspond-
Figure 8: Heat capacity of DPPC LUV in the presence of two
local anesthetics (lidocaine and bupivacaine): Experimental
heat capacity profiles of 10mM DPPC LUV in the presence of
four concentrations of lidocaine (bottom left) and four con-
centrations of bupivacaine (bottom right). The panels on the
top indicate the theoretical results at the same concentra-
tions and the partition coefficient best suited to describe the
experimental results. The extracted partition coefficients in
the DPPC membrane are P=17 for lidocaine and P=37 for
bupivacaine.
7
ing to molar bupivacaine/lipid ratios of 0, 0.1, 0.2, and 0.4). A
partition coefficient of 37 yielded a good description of the data
(Fig. 8, right, top).
Comparison of octanol/water partition coefficients
with calorimetric values
Partition coefficients from the literature and those obtained from
our calorimetric experiments are compared in Table 1 and in
Fig. 9. The partition coefficients P are defined as the ratio of
the concentration of either the dissolved charged or uncharged
substances in the organic phase and the concentration in the
aqueous phase. Thus, for drugs with a pKA close to experi-
mental conditions we display partition coefficients Pc for the
charged form and Pu for the uncharged form. The distribution
coefficient Q corresponds to the partition coefficient for both
forms combined.
Partition and distribution coefficients vary with tempera-
ture. We compared the results from DSC with octanol/water
partition coefficients obtained under similar conditions (i.e., be-
tween room temperature and 25 ◦C and at a pH close to the
chosen value of 7). These values are shown in table 1 as bold
underlined numbers. Assuming a proportional relation between
the two quantities, the calorimetric values are by factor of 5
smaller than the octanol partition coefficients, which is in very
good agreement agreement with the values by (43, 44) who
found a factor 5 difference in the octanol and the erythrocyte.
The value for the partitioning of octanol in erythrocyte mem-
branes is given in Fig. 9 for comparison. The spread of litera-
ture values given in Table 1 is considerable and is of least of the
order of a factor of two. This is tentatively taken into account
by the error bars in Fig. 9 that indicate the range of a factor two
(end to end of the error bars). Some of the uncertainty may be
due to the pH dependence of pentobarbital, lidocaine and bupi-
vacaine that have pKA values of about 8.2. The pH in our ex-
periments was 7.0. At this pH, pentobarbital is in its uncharged
form (membrane-soluble) while lidocaine and bupivacaine are
in the charged (water-soluble) form. Thus, the experimental sit-
uation is seemingly far away from the pKA. However, the fact
that charged and uncharged forms have different partition coef-
ficients immediately implies that the pKA of these substances
in the membrane must be different from that in solution. In
the following scheme we consider an anesthetic drug that is
uncharged in its protonated form. A− denotes a charged anes-
thetic molecule, H+ are protons, and M is the membrane.
A− +H+ +M
∆G1,K1
EGGGGGGGG C AH +M
∆G2,K2   K3,∆G3, (19)
AM− +H+ EGGGGGGGG C
∆G4,K4
AHM
The constants K1 and K4 denote the protonation equilibria
in solution and in the membrane with associated free energy
changes ∆G1 and ∆G4, respectively. The constants K2 and
K3 denote the association equilibria of the charged and the un-
charged form of the drug to the membrane with the associated
free energy changes ∆G2 and ∆G3. The free energy is a func-
Table 1: Partition coefficients of octanol, pentobarbital, lido-
caine and bupivacaine. The distribution coefficient, Q, is the
ratio of the concentration of molecules in the organic phase
to the concentration of charged and uncharged molecules in
aqueous phase). Pu and Pc are the partition coefficients of the
uncharged and charged form, respectively. RT is room temper-
ature. The bold, underlined values are used in Fig. 9
substance Q Pu Pc solvents pH T pKA Ref.
octanol 1000 n-oct.:water (45)
1410 n-oct.:water 25 ◦C (46)
933 n-oct.:water 22 ◦C (47)
691 n-oct.:water (48)
1810 n-oct.:water 45 ◦C (49)
156.04 erythr.:buffer 7.0 RT (43)
151.8 erythr.:buffer (44)
150 (cal.) DPPC:buffer 7.0 this work
pentobarbital 117 n-oct.:water 25 ◦C (50)
53.7 135 n-oct.:water 7.4 (51)
9.6 erythr.:buffer 7.4 23 ◦C (44)
8.5 erythr.:buffer 7.4 23 ◦C (52)
25 ◦C 8.17 (53)
37 ◦C 7.95 (54)
27 (cal.) DPPC:buffer 7.0 this work
lidocaine 43.0 304 0.060 n-oct.:buffer 7.4 25 ◦C 8.19 (55)
47.9 n-oct.:buffer 7.4 RT (56)
110.0 366 0.085 n-oct.:buffer 7.4 36 ◦C 7.77 (55)
245 n-oct.:buffer 9.86 23 ◦C (57)
25 ◦C 7.86 (58)
17 (cal.) DPPC:buffer 7.0 this work
bupivacaine 346.0 2565 1.5 n-oct.:buffer 7.4 25 ◦C 8.21 (55)
560.0 3420 2.0 n-oct.:buffer 7.4 36 ◦C 8.10 (55)
37 (cal.) DPPC:buffer 7.0 this work
tion of state. Therefore,
∆G4 = ∆G1 + ∆G3−∆G2 ; K4 = K1 ·K3
K2
(20)
If the association constant of the anesthetic is different for the
charged and the uncharged form, the pKA in the membrane
must necessarily be different from that found in solution. For
this reason it is not trivial to determine how much anesthetics
will associate to the membrane close to the pKA.
Pressure dependence
A theory of anesthesia based on lipid phase transitions has the
advantage that it implicitly contains an explanation for the pres-
sure-reversal of anesthesia (8, 30). Pressure shifts the transi-
tions of lipid membranes because it alters their specific volume
upon melting (29):
∆Tm =
∆p∆V
∆H
Tm (21)
Here, ∆p is the change in hydrostatic pressure and ∆V is the
excess volume of the lipid transition. The pressure dependence
of lipid phase transitions has been studied in detail and is quan-
titatively understood (19). Since anesthetics lower transition
temperatures and hydrostatic pressure increases them, one ex-
pects a reversal of the effect of anesthetics. The critical pres-
sure for the reversal of tadpole anesthesia was calculated to be
about 25 bars (8) which is of an order similar to that found in
experiments (20, 21).
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As shown in Fig. 10, we have applied hydrostatic pressure
to lipid membranes in the presence of both general and local
anesthetics. The average shift of the DPPC transition maximum
in the presence of three anesthetics (pentobarbital, lidocaine
and bupivacaine) in Fig. 10 is 0.02441 deg/bar (equivalently,
1 deg/40.95 bar). This is practically identical to the numbers
obtained in the absence of anesthetics as reported in (19), e.g.,
0.02448/bar for DPPC. This implies that the pressure depen-
dence of lipid membranes is unaltered by anesthetics. Thus, the
solubility of the drugs in liquid and solid phases is unaltered by
hydrostatic pressure within experimental accuracy.
Discussion
General and local anesthetics are generally considered be-
ing different classes of drugs. It is further acknowledged that
general anesthesia is not well understood. However, it is well
known that general anesthetics shift phase transition and gen-
erally render membranes more fluid by an mechanism that is
independent of the nature of the drug (8, 17, 27). In contrast,
local anesthetics are often assumed to bind specifically to re-
ceptors and in particular to sodium channels (4, 5). It has been
known for a long time that also local anesthetics lower lipid
melting transitions (34–40). Kaminoh et al. (16) expressed
the hypothesis that it is not the solubility in the membrane that
decides about anesthetic effects but rather the difference in sol-
ubility between fluid and gel phase. This is also the working
hypothesis in this paper.
Here, we studied the effect of octanol, pentobarbital, lido-
caine and bupivacaine on the melting transition of unilamellar
DPPC vesicles. We demonstrated that general and local anes-
thetics both lower transition temperature in a qualitatively very
Figure 9: Octanol-water partition coefficients plotted ver-
sus the partition coefficient determined by calorimetry (filled
circles). The solid line assumes that the two partition co-
efficients are proportional. The erythrocyte/water partition
coefficient for octanol is given for comparison (open square,
dashed line). The octanol/water partition coefficients differ
by a factor 5 from the erythrocyte/water coefficients (dashed
line). The symbols correspond to bold and underlined values
in Table 1.
similar manner. We provided a formalism to describe the re-
sults theoretically. We based our theoretical considerations on
ideal solution theory and the assumption that both general and
local anesthetics dissolve ideally in the fluid membrane but are
insoluble in the gel membrane. We distinguished three cases:
1. All anesthetics dissolve in the membrane either due to a very
high partition coefficient or a very small volume of the aque-
ous buffer. 2. Infinite volume of an aqueous buffer with con-
stant anesthetic concentration. 3. The general case describing
a finite amount of buffer and small or medium value partition
coefficients. Case one leads to large shifts towards lower tem-
perature with an asymmetric broadening of the cp-profiles that
reflects the temperature-dependent change in fluid membrane
concentration of the anesthetics. Case two leads to a shift of the
cp-profile without broadening and change in peak amplitude.
Case three displays both shifts and broadening of the profiles
but to a lower extent than in case one. Case three is the typical
situation in a calorimetric experiment where the aqueous vol-
ume is finite. We demonstrated that with this description one
can describe the heat capacity profiles of both classes of anes-
thetics in a satisfactory manner. We further showed that for
up to 20 mol% of anesthetics within the membrane the above
treatment is consistent with the freezing-point-depression law
by van’t Hoff (41) that implies a linear dependence of the melt-
ing point on the concentration of the solute in the fluid phase.
However, the shift in the transition is largely underestimated
by the freezing-point depression law at higher molar fractions
of anesthetics. One can extract partition coefficients that reflect
the reported partition coefficients in octanol. Freezing-point de-
pression was similarly used as a mean to determine concentra-
tions of solutes in aqueous solution in the original publication
of J. H. van ’t Hoff in 1886.
Finally, we demonstrated that hydrostatic pressure leads to
a shift of melting peaks towards higher temperatures without
a broadening of the cp-profile. This shift is unaffected by the
presence of both general and local anesthetics consistent with
findings by (18). From this it can be concluded that the sol-
ubility of anesthetics drugs in the membrane is generally not
pressure-dependent in the range investigated here (pressures
up to 200 bars). A similar finding was reported for the local
anesthetic tetracaine (35). In a previous publication (8) we ar-
gued that the pressure reversal of general anesthesia (20) can
be quantitatively explained when assuming that the shift of the
melting transition induced by anesthetics is counteracted by
pressure. The results of the present publication imply that this
effect should be similarly true for local anesthesia. It is interest-
ing to note that Halsey and Wardley-Smith found that general
anesthesia induced by the local anesthetic procaine was in fact
reversed by hydrostatic pressure in tadpoles (21).
One particularly important feature of the above findings is
that the thermodynamics of general and local anesthetics is ba-
sically the same. Therefore, there exists no reason in a thermo-
dynamics theory of membranes to distinguish the two classes
of anesthetics.
Additivity of general and local anesthesia
Both the Meyer-Overton correlation and the law of freezing
point depression law are generic linear laws that depend only
the concentration of the drug in question and are entirely in-
dependent of its chemical nature. Therefore, these laws ex-
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Figure 10: Pressure dependence of membranes in the presence of anesthetics at 0, 40, 80 and 160 bars excess hydrostatic
pressure. Left: 10mM DPPC LUV in the presence of a total concentration [Atot] = of 8 mM pentobarbital. Center:
Left: 10mM DPPC LUV in the presence of [Atot] = 8 mM lidocaine. Right: 10mM DPPC LUV in the presence of
[Atot] =12 mM bupivacaine. The shape of the transition profile remains unaltered. The magnitude of the shift is the same
as in the absence of anesthetics (19).
plicitly contain the prediction of the additivity of the effect of
drugs. This effect is well documented for general anesthetics
and was discussed by Overton more than 100 years ago (6). In
the present publication, we have provided strong evidence that
the law of freezing point depression law also applies to local
anesthetics. This immediately leads to the prediction that the
effects of general and local anesthetics are additive, too. From
the thermodynamic point of view the effects of general and lo-
cal anesthetics on membranes are the same.
There are, in fact, numerous publications providing evi-
dence for the additivity of general and local anesthesia. Himes
et al. (32) reported that the critical anesthetic dose for the gen-
eral anesthetic halothane in dogs can be lowered by 50 % by
plasma concentrations above 10 µg/ml of the local anesthetic
lidocaine. Similarly, nitrous oxide anesthesia was enhanced by
lidocaine. The intramuscular administration of the local anes-
thetics lidocaine and bupivacaine increases the hypnotic effect
of the general anesthetic midazolam in humans to a degree ex-
actly proportional to the dose of the local anesthetic (33). The
effect of bupivacaine is larger than that of lidocaine in agree-
ment with its larger partition coefficient in membranes. The
hypnotic effect of the general anesthetic halothane is enhanced
by the local anesthetics lignocaine and bupivacaine (59). Sim-
ilarly, (60) reported that the critical dose of the general anes-
thetic propofol in humans was significantly lowered by intra-
muscular administration of both lidocaine and bupivacaine (60).
Along the same lines, (61) reported a significantly lowered crit-
ical dose of propofol in the presence of lidocaine. Additivity
of general and local anesthesia has also been reported for the
effect of bupivacaine on general anesthesia by propofol (62).
Similarly, the critical dose of the general anesthetic cyclopropane
is lowered by 40% in the presence of lidocaine (63). Further,
the critical dose of the general anesthetic isoflurane was low-
ered linearly with the administered dose of lidocaine in cats
(64) with a reduction of more than 50% for 10 mug/ml lido-
caine (in agreement with (32). The sedative effect of lidocaine
was also discussed by (65).
The linear dependence of general anesthesia on the dose of
local anesthetics suggests that both classes of drugs can induce
general anesthesia and that they work by similar mechanisms.
It should be noted the generic physical laws are based on ideal
solubility of drugs in the membrane and are therefore inconsis-
tent with the idea of specific binding to receptors.
The cutoff-effect of long chain alcohols
In contrast to the Meyer-Overton correlation, the thermody-
namic theory presented here relies on the assumption that anes-
thetics are perfectly miscible in the fluid phase of lipids and
perfectly immiscible in the gel phase. This implies that some
molecules that are soluble in membranes are not anesthetics.
For instance, cholesterol is not an anesthetic even though it dis-
solves in membranes. This is because it is soluble in the gel (or
liquid ordered) phases and has the effect of increasing the tem-
perature of the lipid phase transition (66). Similarly, although
other lipids are themselves soluble in a given membrane, they
are not generally anesthetics. Many lipids display transitions in
state close to experimental temperature where one of the states
is soluble in the solid phase and the other one in the fluid phase.
If the secondary membrane component consists of such a lipid,
the phase diagram strongly deviates from the idealized eutec-
tic case shown in Fig. 2 (29). In particular, if the melting point
of a secondary lipid component is higher than that of the pre-
dominant lipid species, the melting profile is usually shifted to-
wards higher temperatures. Such considerations also apply to
lipid-like molecules such as long chain alcohols. Pringle et al.
(25) report that the anesthetic potency of saturated n-alcohols
increases up to dodecanol, and that anesthetic action fails at
chain length above a value between 12 and 14. It is interesting
to note that this correlates with the melting-temperature of the
pure alcohols. The melting temperature of ethanol is -114 ◦C.
The melting temperature of octanol is -14.8 ◦C, that of decanol
is +6.9 ◦C, dodecanol has 23.9 ◦C, tetradecanol 38.2 ◦C, and
hexadecanol has 49.2 ◦C (values taken from (67)). All alco-
hols with chain length 14 or longer display transitions above
body temperature (37◦C). All 1-alcohols that do have general
anesthetic effect display transitions well below physiological
temperature. Kharakoz (17) showed that all 1-alcohols in lipid
membranes up to decanol nicely follow the freezing-point de-
pression law. Experiments from our lab show that tetradecanol
fails to follow this correlation but rather increases the transi-
tion temperature in DPPC vesicles (not shown). Similarly, (16)
showed that 1-tridecanol and 1-tetradecanol increase the melt-
ing temperature of DPPC, while 1-octanol and 1-decanol de-
crease it. It thus has to be concluded that the cutoff effect of
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saturated n-alcohols is in agreement with the present theoreti-
cal description.
Lipid channels
Papahadjopoulos et al. (68) showed that membranes are more
permeable in the vicinity of phase transitions, and Antonov et
al. showed the existence of channel-like conduction steps close
to these transitions (69). Formation of these channels, consist-
ing of small pores in the lipid membrane, is more likely in the
vicinity of transitions where area fluctuations are known to be
large. Such “channels” exist in lipid membranes in the com-
plete absence of proteins and have conduction properties that
are virtually indistinguishable from those reported for protein
channels, i.e., conductance and channel lifetimes are of the
same order and current-voltage relationships display a simi-
lar functional form (70, 71). Close to transitions, these lipid
channels can be blocked by general anesthetics as a simple
consequence of their influence on the phase transition temper-
ature. For instance, we have demonstrated that channels in
DOPC/DPPC mixtures can be blocked by the general anes-
thetic octanol (72) in a manner very similar to the reported
blocking of Na+-channels and the acetylcholine receptor by
octanol (discussed in (72)). It is to be expected that local anes-
thetics have the potential to block lipid channels because they
display a comparable influence on the cooperative melting tran-
sition.
Nerves
Recently, we proposed that electromechanical solitons (local-
ized pulses) can travel in membranes close to phase transitions
(26–28, 73). Such transitions exist in biomembranes slightly
below physiological temperature (29). Therefore, such pulses
were proposed to be related to the action potential in nerves.
The distance of physiological temperature to the transition max-
imum is closely related to the free energy necessary to excite
such a soliton (8). According to the above, both general and
local anesthetics change the transition temperature and thus in-
crease the free energy necessary to excite a pulse, resulting in
an increase of the stimulation threshold.
Conclusions
We have show here that general and local anesthetics have
similar effects on the phase behavior of lipid membranes. This
is consistent with a simple freezing point depression law based
on the ideal solubility of anesthetic drugs in the fluid phase and
a low solubility in the gel phase. Therefore, from a thermo-
dynamic perspective, there is no reason to distinguish between
general and local anesthetics. The present description is con-
sistent with the cutoff effect of long chain alcohols. The effects
of both general and local anesthetics are subject to pressure-
reversal.
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